Since LHCb collaboration's observation of the baryon Ξ ++ cc (ccu), systematic theoretical researches on this kind of doubly heavy baryons becomes imperative, which may help us to understand QCD from a fresh window. In the present paper the picture that the two heavy quarks inside such a doubly heavy baryon, moving comparatively slow, 'firstly' combine into a diquark core, which is a comparatively tight bound state and in color anti-triplet, then the diquark core turns into such a color-less doubly heavy baryon via combining a light quark further is applied. Thus accordingly we treat the formation of the two heavy quarks into a diquark core in color anti-triplet by means of establishing a relativistic Bethe-Salpeter equation (BSE) with a QCD inspired kernel between the two quarks, and the equation is solved under the instantaneous approximation (IA), although here we restrict ourselves to consider the heavy diquark cores with the quantum numbers J P = 1 + only. Then such a heavy diquark core combines a light quark u or d or s and turns into a color-less doubly heavy baryon is treated in terms of another relativistic BSE with a QCD inspired kernel between the heavy diquark core and the light quark accordingly. In the relativistic BSE for the baryon the main difference from that for a heavy diquark core is that there are effects due to the structure of the heavy diquark core with definite quantum numbers, and here we consider the effects by computing the relevant couplings of the diquark core to a gluon via applying the wave functions of the diquark core to the couplings. Finally once more to the BSE the IA is applied, the relevant three-dimensional Salpeter equations for the concerned baryons are achieved, and via solving the achieved Salpeter equations, the mass spectra and the wave functions for the 'low-laying' doubly heavy baryons in the flavors (ccq), (bcq) and (bbq) and in the quantum numbers J P = 1 2 + , J P = 3 2 + are precisely achieved.
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I. Introduction
The LHCb collaboration reported their observation on the doubly charmed baryon Ξ ++ cc (ccu) in the Λ + c K − π + π + decay channel recently, where the Ξ ++ cc mass is determined as 3.621 GeV [1] and the lifetime is measured to be 0.256 ps [2] , so systematic theoretical researches on this kind of heavy baryons (doubly heavy baryons) become imperative. In addition LHCb also reported their observations on the five narrow Ω 0 c excited baryons in 2017 [3] and the Ξ − b in 2018 [4] . These observations hint that more baryons will be able to be observed in near future.
In most theoretical models, the mass of doubly heavy baryon Ξ +(+) cc is predicted in the range 3.5 ∼ 3.7 GeV [5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17] . The mass splitting between Ξ ++ cc and Ξ + cc is predicted to be about several MeV due to the difference of light quark u and d. The mass prediction from the Lattice QCD is about 3.6 GeV [18, 19, 20] , which is quite close to that of the LHCb's observation. Owing to that the lifetime of Ξ + cc and Ξ ++ cc is predicted to be quite long as 50-250 and 200-700 fs respectively, the Ξ cc is not very difficult to be observed in LHC experiments. Hence we expect that more information on the doubly heavy baryon(s) can be issued in the near future.
Different from a meson, a 'low-laying' baryon consists of three quarks and has half-integer spin. For the doubly heavy baryons, since the two heavy quarks inside a doubly heavy baryon move comparatively slow, so that the two heavy quarks combine each other comparatively strong. Thus it is reasonable to turn the three-body baryon bound problem into two two-body bound problems, namely, one is the two heavy quarks inside the doubly heavy baryon combine each other into a compact diquark core in a color anti-triplet, the other one is the heavy diquark core combines with a light quark into the colorless doubly heavy baryon state.
The QCD-inspired interaction, e.g. one gluon exchange being dominant, between the two heavy quarks is attractive if they are in a color anti-triplet, but is repulsive if they are in a color sextet state 1 . The two heavy quarks being bound into a heavy diquark core needs an attractive interaction, and only being in color anti-triplet, the heavy diquark core may form a colorless doubly heavy baryon when it combines one more light quark, thus here the considered heavy diquark core must be in a color anti-triplet state. Later on without precise statement, the diquark core would always mean it in color anti-triplet.
According to the Pauli principle, the wave functions of the quarks must be totally anti-symmetric under interchanges of any two quarks, thus when the orbital angle momentum L inside the diquark core is even, i.e. symmetric under interchange, then the spin-flavor wave functions of the heavy diquark must be symmetric because it, being color anti-triplet, is anti-symmetric in color space. Thus the color anti-triplet heavy diquark cores, (cc) and (bb) carrying a same flavor, at their ground states (in S-wave), must have total spin J = 1 (symmetric), i.e. the ground state of the heavy diquark cores (cc) and (bb) must have the quantum numbers J P = 1 + . While the doubly heavy diquark core (bc), carrying different flavors, can be either symmetric or anti-symmetric in flavors both. Therefore its ground state (in S-wave) may have its spin J = 0 (spin anti-symmetric) and J = 1 (spin symmetric) corresponding to anti-symmetric or symmetric in flavor respectively, namely the heavy diquark core may additionally have the quantum number j P = 0 + . In the present paper, we concentrate on the case, when the heavy diquark cores (QQ ), Q, Q = b, c, are in j P = 1 + , and such a heavy diquark core, combining a third light quark u or d or s, forms a doubly heavy baryon with the quantum numbers J P = QQ . Based on the consideration we firstly try to deal with the diquark cores by establishing the relativistic Bethe-Salpeter equation (BSE) which has a suitable kernel inspired by QCD, then by making the so-called instantaneous approximation to the BSE and further solving the obtained relevant 3-dimensional (Bethe-)Salpeter equation, the spectra and the corresponding wave functions of the heavy diquark cores are achieved. Then as the second step, with the obtained spectra and the wave functions of the diquark cores, we play the similar 'game' as the first step, i.e. to establish the relativistic BSE for the doubly heavy baryons being constituted by a light quark (u or d or s) and the heavy diquark core, whose kernel is QCD-inspired too but takes into account the structure of the heavy diquark core, which is depicted by the wave function and achieved in the first step etc, then to do the instantaneous approximation too, and via solving the equation, the spectra and wave functions of the concerned doubly heavy baryons are achieved. Whereas, for the possibility that the doubly heavy diquark core (bc) with quantum number j P = 0 + combines a light quark to form a doubly heavy baryon with the quantum numbers 1 2 + , we will consider it carefully in another paper.
In the present paper, we apply the instantaneous and QCD-inspired Bethe-Salpeter equation to dealing with the diquark cores constructed by the two heavy quarks, and further to dealing with the doubly heavy baryons constructed by the achieved heavy diquark core and a light quark, both are two-body binding problems. In fact in Refs. [21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34] the similar strategy is accepted to deal with the doubly heavy baryon problem, however, there are different considerations and approximations in the references. It is known that the BSE framework has acquired a lot of achievements in predicting the meson mass spectra [35, 36] , and in calculating the hadronic transition and electro-weak decays [37, 38, 39, 40, 41, 42] . The precise consistences between the theoretical predicts and experimental measurements indeed give us more confidence and then motivate us to apply the BSE to the two two-body binding problem on the heavy diquark cores and the baryon bound states. There is no doubt that more precise and fundamental matter to deal with the doubly heavy baryons needs to be developed. It certainly is one of the motivations of this work.
This paper is organized as: In section II the QCD-inspired BS equation for a diquark core is derived and the mass spectra and the wave functions of the heavy diquark cores by solving the equation numerically under instantaneous approximation are achieved, and then the form factors for the diquark cores owing to the diquark core-gluon interaction are calculated in Mandlstam formulation. In section III the BSE for the diquark core-quark to a doubly heavy baryon with QCD-inspired kernel is constructed, and by taking the instantaneous approximation too, the three-dimensional Salpeter equation for the doubly heavy baryon which contains a j P = 1 + diquark core is achieved; then by constructing the Salpeter wave functions for the baryons with quantum numbers
+ we solve the corresponding Salpeter equation numerically. Finally in section IV the achieved mass spectra and numerical wave functions of the doubly heavy baryons are presented and discussions, including some brief comparisons with others are made.
II. Bethe-Salpeter equation for the heavy diquark core and the relevant form factors II.1. Interaction kernel Since the QCD inspired interaction kernels for a doubly heavy baryon and the heavy diquark core have the same root as that of a doubly heavy meson, so we briefly specify the interaction kernel (potential) for the (QQ ) system. Different from the references [21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34] , throughout this work we think that the instantaneous approximation (IA) for the heavy quark binding systems works well, that means the interaction kernel, which is QCD inspired and essentially due to the 'revised one-gluon exchange' 2 , depends on the time-component of the relative momentum between the binding components can be approximately ignored. Precisely the interaction kernel for a meson, inspired by QCD and essentially one-gluon exchange', is as follows,
here
is the color factor; and the factor a 1 is a parameter to avoid the divergence in small momentum transfer zone. The strong coupling constant α s has the following form,
where Λ QCD is the scale of the strong interaction, N f , the active flavor, and a = e is a constant. To reflect the confinement effects, the kernel ('one-gluon exchange') for confinement is introduced phenomenologically:
where λ is the string constant; V 0 , a free constant fixed by fitting the data; it can be checked that when a 2 r 1, V Conf (r) = λr + V 0 becomes the linear confinement potential; the factor e −a 2 r is introduced to incorporate the screening effect in the linear confinement potential [43] . Now for later convenience
i.e. V M2 is all the terms of the dependence on q, while V M1 is just the constant terms: the two quantities V M1 and V M2 ( q ) are parameterized as below,
Here when establishing the BS equation for a doubly heavy diquark core, and to relate to that for mesons, we would like to reverse a fermion line into an anti-fermion one by making charge conjugation C twice. Considering the fact that the quark-antiquark (qq ) pair in a meson is in the color singlet, while the combined quark-quark (qq ) pair inside a baryon is required in the color anti-triplet, there are corresponding color factors 4 3 and − 2 3 respectively so the interaction kernel for the diquark core should be expressed as follows,
Note that here they are for heavy quarks, the space components (corresponding to α = 1, 2, 3) of the interaction kernel are suppressed by a factor v ∼ 
where Γ M and ψ M denote the meson BS vertex and wave function respectively; p, the momentum of the meson; S(s 1 ) and S(−s 2 ) are the Dirac propagators of the quark and anti-quark respectively, and s 1(2) the corresponding momentum. Also we defined the internal momentum s and u as Fig. 1 : BSE of a meson and a diquark. p denotes the bound state momentum, and p 2 = µ 2 , where µ is the bound system mass.
where µ i is the constituent quark mass. The BSE of the meson is also shown in Fig. 1(a) . The normalization condition of the BS equation can be generally expressed as
The Bethe-Salpeter equation for the diquark core (bound state) is shown in Fig. 1(b) , which can be related to the meson one by twice charge conjugations 3 and explicitly expressed as,
where Γ D stands for the diquark core vertex; the relevant kernel iK D is explicitly expressed as 
the color factor. so we can via solving Eq. (9) achieve the Salpeter wave function for the diquark core.
II.3. The Salpeter equation and wave function for the
As pointed out in Introduction, according to Pauli principle, the heavy diquark core (bc) in color anti-triplet at the ground state (in S-wave) may be in J P = 1 + , 0 + both but the heavy diquark cores (cc) and (bb) in color anti-triplet at the ground state (in S-wave) may be in J P = 1 + only. Owing to the kernel of the relevant Bethe-Salpeter equation for the cores is instantaneous, in this subsection we restrict ourselves to derive the Salpeter equation for the diquark cores (cc), (bc) and (bb) only in the quantum numbers J P = 1 + . Following the standard procedures in ref. [44] , we define the three-dimensional Salpeter wave function
. Then performing the contour integral over s p on both sides of Eq. (10), we achieve the 3-dimensional BS equation, also called the Salpeter equation
the projector operators Λ ± i have the following forms
are the usual Dirac Hamilton. Also notice that the Salpeter wave function fulfills the following constraint condition,
By using this constraint condition, Eq. (11) can also be further rewritten in the following Schrodingertype as
where the W (s ⊥ ) ≡ γ 0 Γ c (p, s ⊥ )γ 0 denotes the potential energy part. The normalization condition now becomes
One can see that the above derivations and results are similar to those for doubly heavy meson systems.
Since the diquarks consist of two quarks, the diquark parity would just be opposite with the corresponding meson. Then considering the Lorentz covariation, total angular momentum J and the parity, the three-dimensional BS wave function of the diquark with j P = 1 + can be constructed as
and the s in the denominator stands for −s 2 ⊥ ; e stands for the diquark polarization vector, and fulfills the Lorentz condition e α p α = 0; αps ⊥ e = αβγδ p β s γ ⊥ e δ , and αβγδ , the anti-symmetry
Levi-Civita symbol. The undetermined radial wave function f i (i = 1, 2, · · · , 8) can be further reduced to four by the Eq. (13), which gives the following 4 constraint conditions,
where
. Note that the wave functions of the meson (cc) with J P C = 1 −− shares the same form of Eq. (16) . Inserting this wave function into the Eq. (14), and then taking the different traces, we can achieve four coupled eigen equations, which are explicitly shown in appendix A.1. The normalization of above wave function can now be simply expressed as,
Solving these equations numerically, the mass spectra and corresponding wave functions of the diquark cores are achieved. The parameters Now as the second step of the present approach, one needs to treat the problem that the relevant heavy diquark core combines a light quark into doubly heavy baryons by establishing the BSE for the baryons which consists of the relevant heavy diquark core and a light quark, but when establishing the BSE, the structure of the diquark cores must be considered. Namely when dealing with a heavy diquark core coupling to a gluon, the corresponding form factors of the diquark core to a gluon must be considered. Thus before establishing the BSE, in the following subsection we compute the form factors.
II.4. The form factors coupling to a gluon of the diquark cores
The Feynman diagrams of a doubly heavy diquark core coupling to a gluon are shown in Fig. 3 . The involved variables are: m 1 , the diquark effective mass; p (p ), the momentum of the diquark core before (after) coupling with the gluon; s 1 (s 1 ), the momentum of quark-1; s 2 (s 2 ), the momentum of quark-2. The internal momentum s in the final state is defined as 
The coupling vertex as a whole being the 'current matrix element' is of vector and conserved, so the relevant current matrix element Σ αβµ and the form factors σ i (i = 1, 3, 5) of the J P = 1 + diquark core (coupling to a gluon) can be expressed generally as:
where the form factors explicitly are dependent on the momentum transfer t 2 ≡ (p − p ) 2 ; and the contributions from σ 3 and σ 5 as the interaction appearing in the BSE under the instantaneous approximation (IA) for the doubly heavy baryon will be small comparing with σ 1 , thus later on we will keep the dominant contributions from σ 1 only, and later on for simplicity we will omit the subscript 1 of σ 1 's.
Corresponding to the two Feynman diagrams Fig. 3 , the form factor contains two terms as below
where the factor 1 2 is due to the normalization convention and also makes the form factor σ(t 2 ) = 1 at zero momentum transfer (t 2 = 0); the amplitude Σ αβµ 1
(corresponding to the left diagram of Fig. 3) is described by the BS vertex and wave function as,
where the contour integration over s 0 is perform and only the dominant contribution is kept; ϕ with (µ 1 µ 2 ). Hence later on, we would use the below normalized diquark form factor,
where the normalized factor σ are determined by the diquark Salpeter wave function as,
Inserting the 1 + Salpeter wave function Eq. (16) into above equations, taking the trace and completing the integration, we obtain the numerical form factors σ for the 1 + (cc)-diquark core in the ground state and in the first excited state, and show them in Fig. 4 . For convenience in later usages we parameterize the obtained numerical form factor of the diquark core at the ground state as the formulation:
and by fitting the numerical result we obtain A = 0.162, κ 1 = 0.109, κ 2 = 0.312. Since here we treat the problem under the instantaneous approximation, so we have p 0 = p 0 and t
is in space-like region always. + which are those for the ground states, and putting them into the derived out three-dimensional Salpeter equation, we solve the equation numerically.
Bethe-Salpeter equation of the baryon based on the diquark model. The Greeks (red) are used for the Lorentz indices; the Romans (blue), the Dirac indices. P, p 1 (k 1 ), p 2 (k 2 ) denote the momenta of the baryon, heavy diquark and the third light quark respectively.
III.1. The Bethe-Salpeter equation of a baryon with a J P = 1 + heavy diquark core being contained The BS equation for a baryon with the J P = 1 + heavy diquark core Dq, where D represents a diquark core, can be depicted by Fig. 5 . It can be expressed using the matrix notation as
in which iK(p 1 , k 1 ; p 2 , k 2 ) represents the effective interaction kernel between a quark and the diquark core in the doubly heavy baryon, which depends on p 1 , k 1 and p 2 , k 2 , the momenta of the diquark core and the third quark, respectively; Γ α is the baryon vertex; S(k 2 ) is the propagator of the quark with momentum k 2 ; D βγ (k 1 ) is the propagator of the diquark core (axial-vector particle); and r is S z the spin quantum number of the baryon. From now on, the symbols P and r in the BS vertex Γ α (P, q, r) would be temporarily omitted unless it is necessary to write them explicitly. Now let us first specify the independent variables and their relationships in the baryon BetheSalpeter equation,
where α i ≡ m i m 1 +m 2 (i = 1, 2); here m 1 denotes the diquark effective mass, and m 2 the third quark constituent mass. With the momentum conservation, by simple analysis, there are only 4 independent variables here: the baryon total momentum P , quark-diquark internal momentum q and k, and the internal momentum of the diquark s. Then the other variables can be expressed as,
The effective interaction kernel (−i)K αβ (p 1 , k 1 ; p 2 , k 2 ) can be related to the diquark-quark scattering amplitude, and let us express the kernel as,
where (µ 1 µ 2 ) means the term as the same as the first one but all the quark masses µ 1 and µ 2 are interchanged; the diquark interaction kernel K D (s 2 , s 2 ; p 2 , k 2 ) jj ;ii just depends on (k − q), namely, the momentum transfer between the heavy diquark core (QQ ) and the third quark, which reads
Inserting this result into Eq. (23), we achieve the baryon kernel as,
Note that the integration in the above last line is just carried to the J
where Σ αβµ = σg αβ h µ is the 1 + diquark form factor. Now the interaction potential between the diquark core and the light quark is smeared by the effective form factor σ[(k − q) 2 ]. If formulating the wave function B α (P, q) of the doubly heavy baryon which contains a 1 + heavy diquark core as
and the baryon BS wave function must be fulfilled the constraint condition P α B α (P, q) = 0, then the baryon Bethe-Salpeter Eq. (22) can be further expressed as an integral equation for the wave function,
This is the fundamental formula which we have achieved when the doubly heavy diquark core in the doubly heavy baryon is in 1 + state. Then the normalization condition of the BS wave function B α (q, r) is expressed as,
where r(r) denote the polarization states of the baryon; the operator I αβ (P, q, k) has the following form,
III.2. Instantaneous approximation to the BSE for the doubly heavy baryon When the kernel has the behavior V M (k −q) V M (k ⊥ −q ⊥ ), the instantaneous approximation can be made. The instantaneous behavior is equivalent to q 0 = k 0 , and hence we have h 0 = 2(α 1 M + q P ), which would play an important role in the derivation of the three-dimensional BS equation of the baryons. It is because that under the instantaneous behavior, the baryon interaction kernel even is dependent on the q P and M explicitly. In the doubly heavy baryon, the space components of the interaction potential V are suppressed at least by v/c. In this work, we only take into account the time component of the potential. Hence, the baryon kernel becomes,
where we have split out the factor containing the Lorentz indices. Under above approximation, the baryon vertex Γ α (P, q) now becomes,
To achieve the three-dimensional BS equation, first we define the instantaneous kernel K(k ⊥ − q ⊥ ) by splitting out the h 0 from K(k 1 , p 1 ), namely,
Then we define the baryon Salpeter wave function ϕ α (P, q ⊥ , s) as,
where the constraint condition becomes P α ϕ α = 0. Now the BS vertex Γ α (q) = h 0 Γ α (q ⊥ ) and the three-dimensional baryon BS vertex Γ a (P, q ⊥ ) is expressed by the Salpeter wave function as,
Here Γ α (q ⊥ ) does not depend on the q P and M explicitly, and to save symbols we distinguish Γ α (q) and Γ α (q ⊥ ) by their dependence on the variables q and q ⊥ respectively. Now the BS equation may be abbreviated as
where generally the axial-vector propagator has the form
. On the other hand, the constraint condition implies that P α ϕ α (P ) = 0, which result in the components parallel to P in p
Hence we can express D αβ (p 1 ) with the following form,
Note that in ref. [22] , the item i
in the axial-vector propagator D αβ (p 1 ) is simply totally neglected for certain reasons, but here we keep it. Here the constituent mass of the diquark core, namely m 1 is chosen to be the effective mass of the doubly diquark core which is achieved in previous section by solving the relevant diquark BS equation.
To achieve the three-dimensional Salpeter equations, we follow Salpeter's method in ref. [44] . To perform the contour integral on q P over both sides of Eq. (33) (see appendix A.3 for the more detailed derivations), we achieve the Salpeter equation as the Schrödinger-type for the baryon with a J P = 1 + diquark core being inside,
This is the fundamental equation which we achieved for the doubly heavy baryon with a J P = 1 + heavy diquark core. It in fact is a three-dimensional integral equation. The meaning of this equation is quite obvious: the first term denotes that of the kinetic energy, and the second term, that of the potential energy. Now the normalization condition of the Salpeter wave function ϕ α (P, q ⊥ , r) can be expressed as (see appendix A.2 for its detailed proof),
where we have defined ω q ≡ α 2 ω 1 − α 1 ω 2 , and
III.3. The Salpeter wave functions for the baryon with quantum numbers J P = In the L = 0 ground states, where L denotes the orbital angular momentum between the doubly heavy diquark core and the third light quark, the J P = 1 + diquark core and the third quark can form a baryon doublet, 
where the following abbreviations
, are adopted when not causing confusion; q in the denominator is used to denote −q 2 ⊥ ; the radial wave functions g i (i = 1, 2, 3, 4) are explicitly dependent on | q |. The conjugate function is defined as usualφ α (P, q ⊥ , r) = γ 0 ϕ † α γ 0 . For convenience, we define
then in Eq. (36) the spinor can be separated out as,
Note that the Salpeter wave function we constructed in Eq. (36) contains four independent radial variables, that is different from the form in ref. [29] , where only two, namely the g 1 and g 2 parts, are included. Our numerical results indicate that the last two items g 3 and g 4 also play important roles in the + Salpeter wave function ϕ α (P, q ⊥ , r) into the Eq. (35), summing over the polarization r, then we achieve the following specific normalization condition as,
; and the spinor relationship r u(r)ū(r) = ( / P + M ) is used. Then inserting the wave function Eq. (37) into the achieved Salpeter Eq. (34),
Multiplingū(P, r) and summing over the polarization states, we eliminate the spinor in the above equation. Then multiplying both sides withξ α 1 orξ α 2 to eliminate the free Lorentz indices, and taking traces, we achieve a four-coupled eigenvalue equation with M , the baryon mass, as the eigenvalue. The details of the derivation are presented in in appendix A.4. Solving these eigenvalue equation numerically, the mass spectra and the corresponding radial wave functions are achieved.
For the 3 2 + baryon states with 1 + diquark core, the Salpeter wave function can be constructed on the basis of the Rarita-Schwinger spinor u α (P, r) as,
where we have defined ξ
⊥ with the Rarita-Schwinger spinor for J = 3 2 , u β (P, r); and r = ± denotes the baryon polarization states; t i (| q |) (i = 1, 2, · · · , 6) are the radial functions being determined by the Salpeter equation; ϕ α (P, q ⊥ , r) satisfies the constraint condition P α ϕ α = 0. For convenience, we define the tensor A αβ as
then we can separate out the Rarita-Schwinger spinor form the 3 2 + Salpeter wave function:
Note that the Salpeter wave function of the 3 2 + baryon state constructed in Eq. (39) depends on six independent radial components, which is also different from the form in ref. [29] where only the first two components t 1 and t 2 are considered. Our numerical results indeed show that the last four components t 3 ∼ t 6 play important roles in the determination of the mass spectra and the relevant wave functions of the 3 2 + baryon states. The t 3 and t 4 components mainly correspond to the 2 D 3/2 components, while t 5 and t 6 components, the 4 D 3/2 components. Hence without these four components, the 3 2 + mass spectra would only include the S-wave components (the 'large components').
Inserting the formulated Salpeter wave function ϕ α (P, q ⊥ , r) into the Eq. (35) and summing over the polarization freedoms, we obtain the normalization condition: are defined; also we have used the following completeness relation of the Rarita-Schwinger spinor [45] ,
Inserting the formulated Salpeter wave function ϕ α (P, q ⊥ , r) into the Eq. (34), we obtain the equation;
Multiplyingū α (P, r) on both sides of above equation, summing over the polarization states r, and then by taking different traces, we achieve the following six coupled eigenvalue equations, which are shown in appendix A.5. Solving these eigenvalue equations numerically, one may achieve the mass spectra and the corresponding wave functions.
IV. Results and discussions
Before solving the Salpeter equation for the baryons, we need to specify how the parameter V 0 appearing in the interaction between doubly heavy diquark-core and the third quark is determined.
Since not as the cases for the doubly heavy mesons, the experimental data which may be used as input are shortage, thus here we try two ways to determine the parameter V 0 . One is, similar to the meson cases, we apply the unique Ξ By the second way, to determine V 0 by using the ones of the corresponding heavy mesons and then taking the spin-weighted average, the determined V 0 are listed in Tab. II and the calculation details are put in appendix A.6.
Tab. II:
The relevant parameter V 0 (in GeV) determined by the spin-weighted average methods. Under the present approach of the relativistic Bethe-Salpeter equation to the baryons mass spectra and the wave functions for the doubly heavy baryons (ccq), (bcq) and (bbq), the total angular momentum J and the parity P of the baryons are the good quantum numbers. Thus here we label the baryon states by means of the five quantum numbers n d (n L 2s b +1 L J ), i.e. n d denotes the radial quantum number of the heavy diquark core inside the baryons; n L denotes the radial quantum number of the baryon itself; L denotes the quantum number of the orbital angular momentum between the heavy diquark core and the third light quark; (2s b + 1) denotes the multiplicity of the baryon spin s b ; J denotes the total angular momentum of the baryon. Then the J P =
IV.1.
The results with the parameters V 0 determined by the first way Now with the determined V 0 by the first way, the mass spectra for the J P = . Five symbols are used to label the baryon states: n d denotes the radial quantum number of the doubly heavy diquark core inside the baryon; n L , the radial number of the baryon; (2s b + 1), the baryon spin multiplicity; L, the orbital angular momentum quantum number between the diquark core and the light quark; and finally J, the total baryon angular momentum. The mass spectra are presented in Tab. III, which corresponds to the J P = D components of the wave functions respectively, the radial quantum number n L is the node number of the relevant curve plus one. From the node structures of the solutions, we can realize that, the wave functions of the energy levels n = 1, 2 correspond to the 1S and 2S states respectively, although the 1D-wave components are slight mixed in. Fig. 6(c) shows that the wave functions consists of the 1D state mainly, and the 2S states are also mixed in. Fig. 6(d) shows that the wave functions are mainly consists of the 3S components.
The mass spectra for the J P = + state, besides the n L 4 S 3/2 state, it could also contain two different D-wave components. One belongs to the quartets ( IV.2. The results with the parameters V 0 determined by the spin-weighted average methods With V 0 determined by the spin-weighted average methods, the mass spectra for the J P = The symbols to denote the baryon states are the same as those in Tab. III. + doubly heavy baryons with V 0 determined by the spinweighted average methods. The symbols to denote the baryon states are the same as those in Tab. III. heavy baryons bear in the uncertainties owing to the determination of V 0 . Besides the spectra, the corresponding wave functions via applying to the calculations on the decays of the doubly heavy baryons will be tested by future experiments. Thus the approach (picture) proposed here to the doubly heavy baryons, i.e. to tern the three-body bound state problem into two two-body problems and further to make instantaneous approximation for the two two-body problems, will receive tests soon. Finally we would like to make a brief summary of our study on the doubly heavy baryons: here based on the diquark core picture for the doubly heavy baryons to establish the Bethe-Salpeter equations and to make instantaneous approximation to them properly, we have built up a theoretical framework, which includes the ways to determine the parameter V 0 appearing in the interaction kernel etc, to deal with the doubly heavy baryon problem. Namely the three-dimensional Salpeter equations for the doubly heavy baryons with 1 + diquark core are derived, and the Salpeter wave functions for the J P = + baryons with 1 + doubly heavy diquark core contain the S and D-wave components both, and means that the non-relativistic wave functions, which consists of only the S or D-wave components only, would not properly describe the corresponding doubly heavy baryon states.
In conclude, we think that these results, especially the achieved wave functions, make it possible to apply to the precise calculations on the lifetime, production and decays of the doubly heavy baryons later on, that our approach proposed here with the calculation results and the available experimental data in the near future will meet thorough tests. which fulfills
Notice that d αβ (p 1⊥ ) does not explicitly depend on P 0 . The BS vertex can also be expressed by the inverse of the propagators as
By using above equations, we can perform the contour integration over q P in Eq. (29) . The normalization part involved the kernel K αβ behaves as
where the following result is used
The part involved the propagators' inverse is Performing the integral over q P on both sides of Eq. (33),
finally we achieve the three-dimensional baryon Salpeter equation with 1 + diquark as
where V i = σV Mi ; I 3 = Tab. II. Notice that now all the involved model parameters in this work are determined by the corresponding meson spectra, and we do not need to introduce any new parameters.
Reference
